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INTRO DUCTIO N TO  THE MAP

____T he bed roc k geologic map of the Bethel, M aine, quad rangle
shows a geologist’s interpretation of the distribution of the roc k
types in the region based  upon d ata collected  in the field . T he
c hallenging part of this process is that most of the bed roc k, up to
80% or more, is covered  by vegetation, soil, and /or glacial
deposits, making the loc ational c hoices of bound aries between
roc ks at times very d ifficult to d etermine. In the Bethel quad rangle
there were regions with excellent outc rop d ensity, suc h as the
S und ay R iver ski trails, and  areas with poor outc rop, suc h as
spruce-d ominated  forests above 3,000 feet and  lower elevation
valley and  swampy regions with thic k glacial cover. T he field  d ata
is represented by various symbols or d ots giving one a sense of
the bed roc k outc rop c ontrol for the map. T he d ata in the Bethel
quad rangle was collected  in the field  seasons of 2011 and  2019 by
Prof. J. Dykstra Eusd en of Geology Department at Bates College
with the help of these c apable assistants: R iley Eusd en (Bowd oin
College '12); T horn M errill (Bates College ‘18), Kurt N iiler (Bates
College ‘18), and  M yles F elc h (M aine M ineral and  Gem
M useum). James Brad y d id  a M .S thesis (Brad y, 1991; U . M aine
O rono) that includ ed  the northern portion of the quad rangle and
c onsisted  of a set of very d etailed bed roc k and  struc tural maps.
T hese d ata, as well as c onversations with him, were extremely
helpful, and  some of his d ata has been digitized and inc lud ed  on
the new map. H e is also a c o-author of this map. T o d etermine
the absolute age of the roc k types in the quad rangle two samples
were rad iometric ally d ated  using U -Pb geoc hronology tec hniques
on the mineral zirc on.  Dr. Justin S trauss of Dartmouth College’s
Earth S ciences Department performed  the zirc on mineral
separations, Dr. Bill M cClellend  of the U niversity of Iowa
performed  c athod oluminescence imaging of the zirc ons, and  zirc on
d ating was d one at the LaserChron Center in the U niversity of
Arizona, T uc son. T his public ation has several parts, the most
important of whic h is a geologic map showing the different roc k
types uniquely color c od ed  and  symbolized. T here are two c ross
sec tions, along the lines labeled A-A′and B-B′on the map, whic h
show the interpretation of the subsurface geology based  on
extend ing d ownward  the d ata and  interpretations from the Earth's
surface. T heExplanation of Unitsis a brief desc ription of eac h
roc k type in the quad rangle with intrusive (once molten) rocks
followed  by stratified, or layered , mostly metased imentary rocks
next. T hese are listed  by age with the old est at the bottom of
eac h section. T heExplanations of Linesand Sym bolsserve to
explain the signific ance of all of the artwork on the map. T he
photo gallery shows representative outc rop images of key units
and  bound aries observed in the field . T he map was made and
ed ited by the M aine Geological S urvey.

GEO LO GIC O VERVIEW

____Bed roc k that und erlies the western portion of the Bethel
quad rangle is c omposed  of stratified, or layered , roc k of probable
Silurian age (Photos 3 – 10) that was d eposited as sed iment on
the seafloor in an ancient marine setting. T he roc ks were
subsequently metamorphosed  and  d eformed  into fold s by heat and
pressure in the Devonian and  Carboniferous Period s d uring the
plate collisions of the Ac ad ian, N eoac ad ian, and  Alleghanian
orogenies as the c ontinents, from west to east, of Laurentia,
Gand er, Avalon, M eguma, and  Gond wana suc cessively collid ed  to
form the Appalac hian M ountains (see Ge ologic  Tim e Scale
below).
____S lightly less than half of the bed roc k in the Bethel
quad rangle, principally in the eastern part of the quad rangle, is
c omposed  of a single intrusive igneous rock or pluton, solid ified
from molten rock, called  the S ongo pluton. It is quartz diorite to
granodiorite in c omposition with associated pinkish pegmatites
(Photo 2). T he S ongo pluton is known to be Devonian based  on a
sample from the ad jacent Bryant Pond  quad rangle d ated  by Gibson
and  others (2017) at 364 ± 1.3 M a.  T he S ongo pluton was also
deformed by both fold ing and  shearing d uring the N eoac ad ian and
Alleghanian orogenies.
____T here are also a few mappable regions of mostly two-mica
granite and  ubiquitous white pegmatites that were injected  into the
metamorphic rocks. T here are also many of these that are too
small to show on the map, especially the pegmatites. T he smaller
granitic plutons and  pegmatites likely range in age from mid d le
Devonian to Permian. In the ad jacent Gilead quad rangle two
different two-mic a granite sills near W heeler M ine were d ated  to
be circ a 350 M a placing them, within error, on the Devonian-
Carboniferous time bound ary (Eusden and others, 2018). T hese
granites extend  into the southwestern c orner of the Bethel
quad rangle.
____M ost of the quad rangle experienced extreme metamorphic
c ond itions turning the rocks into migmatite (roc k that partially
melted and  solid ified nearly in place). T he migmatization likely
oc c urred  in the Late Devonian to Early Carboniferous time period .
F our small regions exist that esc aped  migmatization and  these are
shown by a black solid or d ashed  line with hac hures, isolated
from the areas with abund ant migmatite.
____T he map also shows a variety of fold s that formed  when the
roc ks were extremely d uc tile d uring the Devonian and
Carboniferous plate c ollisions of the Acad ian, N eoac ad ian, and
Alleghanian orogenies, or mountain building events.  T here is one
Acad ian fold  axis shown as a blue line with symbols on the map
representing the earliest fold  to form, c alled  F 1 fold s, and that
only fold s the metased imentary roc ks. T wo other fold s shown with
d ashed blue lines represent the younger N eoac ad ian F 2 fold s that
refold ed  the earlier F 1. T hese later F 2 fold s deform both the
migmatized metased imentary roc ks and  the S ongo pluton.
____A late, brittle, Jurassic(?), normal(?) fault was also mapped
along the southeast flank of F arwell M ountain. O utc rops of quartz
that form a long, southwest- to northeast-striking silicified zone
mark the fault (Photos 1A and 1B). T his fault likely formed
d uring the rifting of Pangea and opening of the Atlantic O cean.
____Glacial d eposits c over muc h of the bed roc k and  glacial
erosional features c an be seen on many of the outc rops. T he
read er is referred  to the surficial geologic map of T hompson
(2008) for a c omplete disc ussion of the glacial history that extend s
bac k to about 20,000 years ago.
STRATIFIED RO CKS

____M apping in the Bethel quad rangle revealed ten different
metased imentary units d efining a stratigraphy that best correlates to
the Silurian stratigraphy seen in the R angeley, M aine, region
(M oenc h and  others, 1999), and  more specific ally the R angeley,
Perry M ountain, and  S malls F alls F ormations. T he stratigraphy in
Bethel is poorly controlled  by grad ed bed s, whic h would  typic ally
allow one to establish the relative ord er of the units.  O nly a few
grad ed  bed s from the original d eposition as marine sediments were
found  in the region largely bec ause the prevalent migmatite has
obsc ured  these primary sed imentary features. Lithologic c orrelation
of units in Bethel to those of R angeley, M aine, stratigraphy
c oupled  with the new geoc hronology results, disc ussed  below and
as reported for the ad jacent Gilead  quad rangle (Eusd en and  others,
2018), support the conc lusion that these rocks are Silurian. T he
presence of belts of mod erately rusty and d eeply rusty weathering
sc hists and  quartzites, non-rusty-weathering biotite and  c alc-silic ate
granofels, and  ubiquitous pod s, blocks, and  lenses of c alc-silic ate
roc ks, represented by the units Ssq,Ssqg,Ssg,Ssrc,Ssrcg,
Ssqc, and Ssr, are hallmarks of the R angeley F ormation in nearby
N ew H ampshire (Eusd en, 2010). T he clean, light gray to white
quartzites of the Sqs unit are typic al of the Perry M ountain
F ormation, while the deeply rusty weathering sc hists of unitSsqr
are typic al of the S malls F alls F ormation (M oenc h and  others,
1999). W e interpret the old est rock in the stratigraphy to be unit
Ssr found  in a belt striking northeast to southwest ac ross the
northwest portion of the map. T he youngest unit is Ssqr that c an
be found  in both the northwest and  southwest corners and  also in
the F arwell M ountain region in the center east part of the map.
T he stratigraphy is mapped in two regions: (1) a belt along the
western edge of the quad rangle; and  (2) the isolated F arwell
M ountain bloc k. T he western section shows a mirror image pattern
on either side of the old est unitSsr. W e interpret this to be d ue
to an early F 1 antiformal fold , through the mid d le of Ssr, that
repeats the pattern. T here is some graded  bed d ing control in the
northeastern part of the quad rangle and  abund ant reversals of
grad ed  bed d ing just to the north in the Puzzle M ountain
quad rangle as mapped by Brad y (1991) that support the placement
of this early F 1 fold  axial trace. T he F arwell M ountain bloc k sits
isolated  from the western section atop the S ongo pluton and  the
units mapped within it correlate extremely well to those in the
west. T he F arwell M ountain bloc k is fold ed  into an antiformal
sync line of F 2age.
____Compared to the most recent previous geologic map that
inc lud ed  the Bethel region (M oenc h and  others, 1999), the c urrent
bed roc k geologic map shows no evidence at the surface of the
Devonian Littleton or Silurian M ad rid  formations. T he Littleton
F ormation formed  the bulk of the previous map of Bethel while
the M ad rid F ormation consisted  only of small slivers. T he absence
of exposed  Littleton and M ad rid  formations here agrees well with
the recent map of the Gilead  quad rangle immediately ad jacent to
the west (Eusd en and  others, 2018). Despite the lack of apparent
surface exposures of these two formations, there is shown at d epth
in the c ore of the recumbent sync line on the c ross sections, units
of rock that are similar to the M ad rid  F ormation (Sgf) and  the
Littleton F ormation (Dl/Dc). T hese are inferred  to be present based
on the known stratigraphy, the struc ture, and  c orrelations from
ad jacent N ew H ampshire and  the Presid ential R ange (Eusd en,
2010).
____Comparisons to Brad y’s (1991) M .S  thesis map show good
agreement with his suggestion, termed S c heme 2, that the roc ks in
the Bethel quad rangle he named  the Central and  S outhern
S equences are mostly S ilurian and  d ominantly R angeley F ormation
equivalents. S ome differences between Brad y’s map and  this map
d o exist.  In the northeast bord er region of the map, along and
ad jacent to S tony Brook, the deeply rusty weathering sc hists and
gray quartzites and  sc hists that he mapped in his Central Sequence
as the S malls F alls F ormation and  Perry M ountain F ormation
respectively, we interpret as a rusty-weathering section and  well-
bed d ed  section of the R angeley F ormation (units Ssrc and Ssqc,
respectively). T his interpretation is strengthened by on-strike
connections to very similar rocks on M ount W ill, Locke M ountain,
and  Ellingwood  M ountain. T his stratigraphic interpretation would
also require the elimination of the pre-metamorphic Blueberry
M ountain F ault shown by Brad y (1991) on the north flank of
F arwell M ountain and  separating his Central and  S outhern
S equences. W e saw no evidence for the fault, and  on the Brad y
(1991) map it was shown in a region with very limited outc rop
c ontrol.  In summary, we suggest that the entire stratigraphy of
the Bethel quad rangle is equivalent to Brad y’s (1991) S outhern
S equence and  we agree with his S c heme 2 stratigraphic c orrelation
where the rocks are mostly R angeley F ormation equivalents.
____T he nature of the stratified rocks suggests several things
regard ing the paleo-environment of the marine depositional basin.
R egions of evenly bed ded  layers rec ord  relatively uninterrupted
deposition of layer upon layer in a marine basin over perhaps
several millennia. In c ontrast, the presence of the blocks, pod s,
and  lenses of bed d ed  fragments of c alc-silic ate roc ks within a
finer grained matrix suggest that these units were formed by
c atastrophic sub-marine debris flows. T he bloc ks were broken up,
perhaps triggered  by earthquakes in what was a seismic ally ac tive
basin, and  then transported  to d eeper water to ultimately be
embed d ed  in a c lay matrix. An alternative hypothesis we favor
less for these blocks is that the process of migmatization d isrupted
them after d eposition and  d uring the metamorphism. T he rusty-
and  non-rusty-weathering nature of the units record s times when
the basin of d eposition was either d eprived of oxygen or not.
O xygen-poor basins are c onsid ered  anoxic and  typic ally lead  to the
formation of the iron sulfid e minerals pyrite and  pyrrhotite in the
sed iments. W hen these minerals are exposed  to the surface by
erosion, they weather to bec ome rusty brown sc hists. N on-rusty-
weathering roc ks rec ord  times when the basin had better
oxygenation and  circ ulation. T hese variations in ocean circ ulation
and  available oxygen were largely d ue to the c onstruc tion and
removal of sea floor barriers to circ ulation c reated  d uring ac tive
plate c ollisions and  related  d eposition of sed iment barriers.
____A sample was c ollected  from unit Ssrcg for detrital zirc on
age determination (seeTable 1, Location B). T he maximum
depositional age as shown on Figure s 1and 2is circ a 430 M a,
placing the sed imentation in the W enlock Epoc h of the Silurian

Period. T his confirms the Silurian d esignation of the stratigraphy
and  agrees well with d etrital zirc on ages of 427-430 M a for the
R angeley F ormation at the type section d one by Brad ley and
O 'S ullivan (2016). H owever, it is worth noting that all these ages
are somewhat younger than the fossil-based  age of 440 M a for the
R angeley F ormation at the type loc ality near Blanc hard  Pond  in
R angeley, M aine.
INTRUSIVE RO CKS

____T hree broad  types of intrusive igneous rocks were found  in
the Bethel quad rangle: (1) the quartz d iorite/granod iorite of the
S ongo pluton (Ddg) and associated  pinkish pegmatite; (2)
musc ovite-biotite granite (CDg and PDgm); and  (3) pegmatite
(PDgm and Pp).
____T he old est intrusive rock in the quad rangle, based  upon c ross-
cutting relationships, is the S ongo pluton (Ddg). It covers most of
the eastern half of the quad rangle and  is mapped as a single
pluton with a maximum east-west wid th of about 10 kilometers (6
miles) and a north-south length of about 16 kilometers (10 miles).
T he pluton oc c upies the lower elevations of the quad rangle with
limited outc rop as thick glacial till and  outwash and  post-glacial
swamps often cover it. H owever, some key outc rops at
S parrowhawk M ountain, along the And rosc oggin R iver near the
confluence with the S und ay R iver, in M id d le Intervale on the west
flank of F arwell M ountain, and  along R oute 2 in H anover, have
helped d elineate the western and  northern bound ary of the pluton.
T he eastern bound ary of the S ongo pluton is exposed in the
ad jacent Bryant Pond quad rangle. T he pluton is likely a sub-
horizontal sill 1 to 3 kilometers (0.6 to 1.9 miles) in thic kness as
inferred  by gravity studies suggesting that within the sillimanite
zone plutons bec ome that shape and  size (H od ge and  others, 1982
and  N ielson and  others, 1976).  W e have spec ulated  on the c ross
sec tions that the S ongo pluton is thinner alongA-A′ and  thicker
alongB-B′ as one moves south toward  the center of the pluton.
T he S ongo extend s und er the metasedimentary sections of F arwell
M ountain and  the western portion of the quad rangle.
____T he S ongo pluton is generally a c oarse- to medium-grained
quartz d iorite to granod iorite. T he mineralogy is mostly consistent
with plagioc lase, quartz, biotite, ± amphibole, ± potassium
feld spar, ± sphene. Primary igneous layering composed  of thin
centimeter-sc ale leuc oc ratic band s of biotite-absent quartz
diorite/granod iorite is sporad ic ally found . Irregular lenses and
measurable veins of pink potassium feld spar pegmatite are found
in many S ongo outc rops and  these are interpreted to be
comagmatic with the S ongo. R are exposures of pink granite are
found  and have been interpreted as a phase of the S ongo with
more abund ant potassium feld spar. T here is also evidence of
deformation in the S ongo, as seen by shearing of igneous layering,
the presence of biotite foliations, and  broad -sc ale fold ing, all
disc ussed further in the Deformation section below. T he S ongo
pluton may c orrelate with the intrusive part of the Pisc ataquis
Volc anic Arc (Brad ley and  T uc ker, 2002), thought to be a
subd uc tion-related  arc c omplex that formed  d uring the Ac ad ian
O rogeny. T he migmatite front, as d efined in the Bethel and
ad jacent Gilead  quad rangles, roughly parallels the western edge of
the S ongo pluton.  T his suggests that migmatization may in part
be caused  by the heat from the intrud ing S ongo pluton.
____A sample was c ollected  from the S ongo pluton for zirc on
c rystallization age determination (see Table 1, Location A).
Figure s 3and 4 show that the c rystallization age of the S ongo
Pluton in the Bethel quad rangle is 360.7 ± 2.2 M a, placing the
intrusion in the Late Devonian Period . T his agrees well with Early
Devonian c rystallization ages for the S ongo pluton reported by
Gibson and  others (2016) for the Bryant Pond  quad rangle, and  by
Koteas for the N orth W aterford  quad rangle.
____T here are six small two-mic a (musc ovite-biotite) granite
plutons (units CDg and PDgm) in the Bethel quad rangle, four in
the western metased imentary section and  two in the F arwell
M ountain section.  T hese appear as unfoliated, small, sill-like
bod ies. N one appear to intrud e the main bod y of the S ongo
pluton, but when the S ongo c ontact is approac hed , two-mic a
granite bod ies, all too small to map as separate units on the
geologic map, are enc ountered . T hese granites are identic al to
granites of the Sebago pluton whic h have been d ated  to 288-297 ±
14 M a, or within the Late Carboniferous to Permian period  (S olar
and  T omasc ak, 2016), as well as granites in the Presid ential R ange
that have been d ated  to 363 M a, or within the Late Devonian
(Eusd en, 2010), and  to granites d ated  to 349.2 ± 2.1 and  355.3 ±
2.3 M a (Carboniferous to Devonian in age) in the Gilead
quad rangle (Eusden and  others, 2018). T herefore, without
geoc hronologic c ontrol, the musc ovite-biotite granites are given a
wide range of age from the Permian to Devonian, hence the
symbolPDgm, or, where constrained  in age, to the Carboniferous
to Devonian, as the Gilead  quad rangle, the symbol CDg. T he
musc ovite-biotite granites cut the S ongo along its contac t, the
migmatitic layering, and  the late F 2 fold s, and  are in turn c ut by
pegmatites. T he granites likely formed  from melted c ontinental
c rust and  possibly also the melt derived from the migmatites.
____T he pegmatites, unit Pp and  within unitPDgm, are one of
the more common rocks in the Bethel quad rangle and  most
outc rops have at least some amount of pegmatite cutting through
the old er units. N early all these pegmatites are too small to show
as separate units on the map. T hese pegmatites are younger than
the pink pegmatites associated  with the S ongo pluton. T he
pegmatites c ross-c ut all other units and  structures in the Bethel
quad rangle except for a late brittle fault marked  by a silicified
zone. T hese pegmatites also likely formed  from melted c ontinental
c rust. T he pegmatites in the Bethel quad rangle have not been
d ated  but are likely as young as Permian or as old  as Devonian
based  on the ages of similar pegmatites in N ew England
d etermined by Brad ley and  others (2016). N early all these
pegmatites are termed  common pegmatites, meaning that they
c ontain a simple mineralogy of quartz, feld spar, musc ovite, ±
biotite, rare black sc horl tourmaline, and  no multic olored
tourmaline. Despite the abund ance of gem-bearing pegmatite
quarries in the O xford  H ills region, there are interestingly none in
the Bethel quad rangle.

MIGMATITES

____M igmatites are found  throughout the metased imentary roc ks in
the Bethel quad rangle. T hese partially melted roc ks formed  when
high heat flow from other magmas, or perhaps the mantle, resulted
in the partial melting of the stratified roc ks. T he lighter quartz-
and  feld spar-ric h portions of the migmatites are thought to be the
now-frozen melt frac tions while the d arker biotite-ric h portions are
the resid ual unmelted fractions. T he process of migmatization
happened when the rocks were very d uc tile and  plastic and  hot
metamorphic fluid s flowed  through them, partially melting the
roc ks. T his rend ered  the once-planar layering in the stratified rocks
into a c omplex distorted  and  swirly orientation. T he migmatites
c orrelate well to the Sebago M igmatite-Granite Complex d ated  to
376 ± 14 M a or the Late Devonian-Carboniferous period by S olar
and  T omasc ak (2016) and  S olar and  others (2017). T he four
regions of non-migmatized metased imentray roc k have intac t
bed d ing and  far less evidence of melting. It is likely that the heat
from the intrusion of the S ongo pluton c ontributed  to
migmatization. T he two isolated  non-migmatized sections in the
center west of the map must have esc aped  migmatization d ue to
the vagaries of metamorphic fluid flow through the rocks. T he two
non-migmatized sections on the north bord er of the map are part
of a c ontinuous migmatite front north of whic h the rocks show
little melt and  excellent preservation of primary layering. T his
bound ary extend s into the Gilead  quad rangle to the west.

DEFO RMATIO N

____T here are several phases of d eformation that the roc ks
experienced  d uring suc cessive plate c ollisions. Eusd en and  others
(2018) reported  in the ad jacent Gilead  quad rangle the presence of
rare pre-metamorphic faults that likely formed  in an active tectonic
setting probably just after d eposition of the sed imentary roc ks.
T hough no suc h features were found  in the Bethel quad rangle,
they could have easily been missed  d ue to the extensive
migmatization and  lack of exposure.
____As plate collisions c ommenced  the first generation of fold s
formed , called  F 1. T hese are recognized in the field  by rare
isoc linal fold s, a strong axial planar S 1 sc histosity that is most
always parallel to bed ding, and  regions where the stratigraphy flips
over and  repeats itself by fold ing. T he F 1 fold  axial trace within
unitSsr is mostly based  upon the apparent stratigraphic repetition
around that unit as well as a few grad ed  bed s in the quad rangle
and  more grad ed  bed s in the ad jacent Puzzle M ountain quad rangle
(Brad y, 1991). T he units to the east of the F 1 axial trace are
interpreted to be inverted , and  those to the west are upright. T he
F arwell M ountain bloc k is interpreted to be an extension of the
inverted  section. T he F 1fold ing pre-d ated the migmatization.
____T he next fold ing event, F 2, is marked  by c ommon, centimeter-
to meter-sc ale open fold s, often with parasitic c renulations,
sometimes a well-developed S 2 axial plane cleavage, and two
regional fold s shown as blue axial traces on the map determined
by regional c hanges in the bed ding and  foliation. S teeply d ipping
axial planes and  hinge lines plunging shallowly to the north or
northeast c harac terize the geometry of the F 2 fold s. π diagrams of
bed d ing and S 1 foliation measurements in the western and  F arwell
M ountain sections of metasedimentary rocks show somewhat
similar orientations for the F 2 hinge lines of 045°, 15° and  020°,
31°, respectively (Figure s 5 and 6).  Interestingly, biotite
foliations in the S ongo pluton show d eformation and  a π diagram
of these d ata yield  a 009°, 27° hinge line orientation whic h is also
interpreted to be an F 2 fold  (Figure  7). T he regional F 2 fold  axial
trace in F arwell M ountain extend s through the center of the
metased imentary units, where it would  be classified as a synformal
antic line, then extend s to the south into the S ongo pluton as a
synform. Similarly, the sec ond  regional F 2 axial trace on the map
in the metased imentary roc ks of S parrowhawk M ountain, whic h
would  be classified as an antiformal syncline, extend s north into
the S ongo pluton as an antiform. T he foliation in the S ongo likely
formed  after the development of the F 1 fold s but before the
development of F 2 fold s. It is possible that the S ongo foliations
formed  d uring the intrusion of the pluton as this fabric is parallel
to c ompositional primary igneous layering when both are seen
together.  T hese fabric s were then subsequently folded  by F 2fold s.
In the ad jacent Gilead quad rangle, Eusd en and  others (2018)
reported  that F 2 fold s were c ut by S ongo equivalent diorites
making the S ongo younger than F 2. H owever, the outc rop c ontrol
and  foliation attitud es that c onstrain the timing of F 2fold s and  the
S ongo intrusion are muc h better in the Bethel quad rangle,
supporting the revised  interpretation.  Another possibility for the
foliations in the S ongo is that they represent disc rete, variably
oriented shears, internal to the pluton. H owever, the fold  mod el is
favored  here d ue to the c ontiguous c hange in dip from the
metased imentary roc ks into the S ongo pluton.
____R are strike-slip shears of igneous c ompositional layering and
biotite foliation in the S ongo Pluton are seen. N o c onsistent shear
sense was observed as both left- and  right-hand ed  shears are
apparent. T hese shears probably post-d ate the F 2fold ing.
____T he silicified zone along the southeast flank of F arwell
M ountain rec ord s the last d eformation. T hese represent zones of
silic a-ric h fluid s flowing along a steeply northwest d ipping fault
that strikes northeast. It is likely a normal fault with the northwest
sid e d ropped  d own relative to the southeast sid e. T he fault d ies
out to the southwest into the valley floor gravels of the
And rosc oggin R iver, so its extent is unknown. T his fault is
probably related  to extension that oc c urred  in the Jurassic d uring
the rifting of Pangea.

SUMMARY

____In summary, the major geologic events in Bethel quad rangle
are: (1) Silurian d eposition of the R angeley S tratigraphy and , by
inference to other regions to the west, Devonian d eposition of the
Littleton F ormation; (2) Devonian Ac ad ian O rogeny F 1 fold ing and
the onset of regional metamorphism; (3) c ontinued  Devonian
Ac ad ian orogeny migmatization and  S ongo pluton intrusion and
foliation; (4) Late Devonian N eoac ad ian F 2 fold ing: (5) Devonian
to Carboniferous N eoac ad ian intrusion of two-mic a granite plutons
and  some pegmatite; (6) Permian Alleghanian emplacement of the
Sebago-type two-mic a granite plutons and  abund ant pegmatites;
and  (7) Jurassic normal faulting d uring the rifting of Pangea.

BEDROCK GEOLOGY OF THE BETHEL QUADRANGLE

EXPLANATION OF UNITS
INTRUSIVE ROCKS

Permian-Devonian(?) [P D]

Devonian(?) [D]

Early Permian(?) [P ]

Carboniferous-Devonian [CD]

STRATIFIED ROCKS

Silurian(?) [S ]

N ote: R eferences to named  formations are those desc ribed  by M oenc h and  Boudette, 1987.

INTERPRETIVE CROSS SECTIONS

REFERENCES

EXPLANATION OF SYMBOLS

N ote: S truc tural symbols are d rawn parallel to strike or trend  of measured  struc tural feature. Barb or tick ind ic ates
direction of d ip, if known. Annotation gives d ip or plunge angle, if known. F or most planar features, symbol is centered
at observation point; for joints, observation point is at end  of strike line opposite dip tick. F or linear features, tail of
symbol is at observation point. M ultiple measurements at a site are represented by combined symbols. S ymbols on the
map are graphic al representations of information stored in a bed roc k d atabase at the M aine Geological S urvey. T he
d atabase contains ad d itional information that is not d isplayed  on this map.

Devonian(?) [D]

Jurassic(?) [J]

EXPLANATION OF LINES

T race of the axial surface of a regional anticline or sync line that formed  early in the deformational sequence (F 1),
or loc al antiforms and  synforms that formed  late in the deformational sequence (F 2).

Loc ations interpreted from map pattern of c urved  unit contac ts.

Bedrock geologic mapping by
J. Dykstra Eusden Jr., James J. Brady, Riley M. Eusden, Myles M. Felch,

Thorn K. Merrill, and Kurt A. Niiler

Address: 93 State House Station, Augusta, Maine  04333
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Contac t between roc k units, of stratigraphic or intrusive origin
(well loc ated , approximately loc ated , poorly loc ated ).

! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !

H igh-angle fault, interpreted from trunc ation of map units, disruption of stratigraphic sequence, or roc k d eformation.
(well loc ated , approximately loc ated , poorly loc ated ).

Bound ary of migmatite area. M ay be a sharp or grad ational bound ary. H ac hures point toward  migmatitic rocks.

S c hematic representation of foliation orientations within the S ongo pluton (Ddg). H ac hures point d own d ip.

F2 F2

Geoc hronology sample loc ation (seeTable 1).A
Photo loc ation.1
Joint (inc lined, vertic al).20

S ill of musc ovite-biotite granite (inc lined).
20

Basalt d ike, presumably of Jurassic age (inclined).20


Quartz vein (inc lined) in the silicified zone (Js).
20

Pink pegmatite (oc c urrence, inclined vein). Coarse-grained pegmatite exc lusively found  within,
and  likely c o-magmatic with, the S ongo pluton (Ddg). M ineralogy: large (up to 10 cm, but
c ommonly 2-4 cm) pink potassium feld spar, quartz, and  biotite. O c c urs as c m-sc ale irregular
lenses and blobs and  also as d isc rete, narrow (2-10 cm wide) veins c utting the S ongo quartz
diorite or granod iorite.

 20

 O utc rop of pegmatite.

F loat, presumed to represent und erlying bed roc k.

O utc rop of mapped unit.

S truc tural elements of fold s whic h deform bed ding and  sc histosity, and  so are younger than the
sc histosity (fold  hinge, plunging, with unknown asymmetry; fold  hinge, plunging, with right-
hand ed  asymmetry;axial plane, inclined; axial plane, vertic al).

20 20
20


F1 

TABLE 1: GEOCHRONOLOGY

 O utc rop of non-foliated plutonic roc k.p= pink granite.

F oliation in metamorphic roc k (inc lined).x= xenolith.

F oliation in igneous rock (inclined).

Bed d ing (inc lined, top direction ind ic ated ; inclined, bed d ing overturned ; inclined, top direction
unknown; vertic al, top direction unknown).x= xenolith.20


20


20
 


20
20

Quartz d iorite, granod iorite, and rare  pink granite, und iffe r e ntiate d , of the Songo pluton.M ed ium-
grained to c oarse-grained, equigranular, "salt-and -pepper" quartz d iorite and/or granod iorite (Photo 2).  R are
porphyritic zones are found with plagioclase phenoc rysts up to 2 cm in size. M ineralogy is plagioclase
feld spar, quartz, biotite, ± sphene, ± amphibole, ± potassium feld spar. T his pluton makes up the majority of
the eastern half of the quad rangle and  represents the northern and  western part of the S ongo pluton. Igneous
layering on the cm sc ale is rarely observed and  d efined by alternating layers of biotite-ric h, d arker quartz
diorite or granod iorite and biotite-poor, lighter quartz d iorite and granod iorite. In places the pluton exhibits a
biotite foliation that varies in intensity, but in other areas the pluton is unfoliated . S hearing is sporad ic ally
observed and d efined by d uctile shear band s of igneous layering.  M etased imentary xenoliths, in particular
biotite granofels and  black biotite sc hist, are found  in numerous regions within the unit and  may have
measured bed d ing or foliation, designated  by anx(seeExplanation of Sym bols). T wo outc rops of coarse-
grained pink biotite granite were observed within this unit but were not large enough to differentiate. T hese
outc rops are marked  with a p.

Ddg

Littleton/Carrabassett Form ation.[S hown only in c ross section, not shown on the map.] T he following
desc ription is from Eusd en (2010). Gray sc hist and  quartzite often exhibiting grad ed bed d ing. Calc-silic ate
pod s rare or absent. Centimeter-sc ale garnet c otic ule layers are infrequently found . T his unit is not exposed at
the surface in the Bethel quad rangle, but is inferred  to lie stratigraphic ally above the biotite granofels unit
(Sgf; possibly correlated  with the M ad rid  F ormation) and  oc c upy the core of the recumbent sync line
interpreted at d epth.  T his relationship is observed in the ad jacent Presid ential R ange of N ew H ampshire
(Eusd en, 2010).

Dl/Dc?

F1

Musc ovite-biotite granite. M ed ium-grained equigranular granite. M ottled appearance d ue to the
combination of minerals inc lud ing quartz, potassium and  plagioclase feld spars, musc ovite, biotite, and
ac cessory minerals. T he plutons were injected  as sills mostly following strike of the metased imentary units,
and  present as oblong ellipses in map view. Similar to PDgm but d ifferentiated in age by geoc hronology
d one for Gilead quad rangle in the vicinity of W heeler M ine (Eusd en and others, 2018).

CDg

Mod e rate ly rusty weathe ring to gray sc hist and quartzite with se ctions of d e e ply rusty weathe ring
sc hist and quartzite. R ed -brown rusty-weathering mica sc hist with thin (1-5 cm) quartzite interbed s
(Photos 3and 4).  M inor d isc ontinuous layers 1-3 meters thic k of quartz-plagioc lase-biotite granofels and
c alc-silic ate granofels, some mappable (Ssrcg).  S ome c alc-silic ate layers c ontain c alcite.  Calc-silic ate pod s
rare or absent.Ssrcis stratigraphic ally equivalent to Ssg. (Possibly equivalent to part of the R angeley or the
S malls F alls F ormation.)

S src

Gray sc hist and quartzite with calc-silic ate pod s.H eterogeneous unit of variably interbed d ed gray sc hist
and  quartzite (1-5 cm;Photo 6), with rare, disc ontinous layers 1-3 meters in thic kness of quartz-plagioclase-
biotite granofels (Photo 7), and bloc ks of bed d ed, slightly rusty weathering granofels in migmatite (Photo
8).  Calc-silic ate pod s are c ommon throughout the unit (Photo 9).  (Possibly part of the R angeley

S sqc

Location Unit Mine ral Method Age ±2σ (Ma) Re fe r e nc e 
A Ddg Zirc on U -Pb 360.7 ± 2.2 Eusd en, this stud y 
B Ssrcg Detrital zirc on U -Pb 430.3 ± 1.6 Eusd en, this stud y 

Loc ations are shown on the map by a letter in a blue circ le. 
Detrital zirc on ages are maximum depositional ages; zirc on ages are c rystallization ages. 
 

Contac ts are d ashed  where projected  above ground , solid where projected  below ground .
Dashed  gray lines represent intraformational structure.
N o vertic al exaggeration.
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Photo 1B:Quartz veins c utting matrix quartz in the silicified zone
(Js). Dominant strike of veins is from bottom left to top right of the
photo and  these are parallel to the overall silicified zone strike.Same
location as Photo 1A.

Photo 2:Leuc oc ratic band  in typic al salt-and-pepper texture S ongo
quartz d iorite (Ddg). S ome d uc tile shearing of the band  in the upper
center of the photo is evident. A sample was c ollected  near this loc ation
for zirc on geoc hronology.Paradise Hill, Bethel.

Photo 3: R ed -brown, deeply rusty weathering, sulfid ic, thinly
interbed d ed  (1-2 cm) sc hist and  quartzite. F rom map unitSsrc.1700
feet south of the top of Ellingwood Mountain.

Photo 1A: F ive-meter-wide massive quartz outc rop in the silicified
zone (Js). Prominent outc rop face in center of photo is oriented nearly
perpend icular to the silicified zone strike whic h is parallel to the top
left edge of the outc rop and  extend s d iagonally from the foreground  in
the lower left to the distance in the upper right.South of Farwell
Mountain, Bethel.

GEOLOGIC TIME SCALE
Ge ologic  Age
Cenozoic Era ()
M esozoic Era ()
___Cretaceous Period  (K)
___Jurassic Period  (J)
___T riassic Period  ()
Paleozoic Era ()
___Permian Period  (P)
___Carboniferous Period  (C)
___Devonian Period  (D)
___S ilurian Period  (S)
___O rd ovician Period  (O)
___Cambrian Period  ()
Prec ambrian time (p)
* In millions of years before present (M a).  (W alker, J.D.,
Geissman, J.W ., Bowring, S.A., and  Babc oc k, L.E., c ompilers,
2012 Geologic T ime S c ale v. 4.0:  Geological S ociety of Americ a,
d oi: 10.1130/2012.CT S 004R 3C.)

Absolute Age*
0-66

66-145
145-201
201-252
252-299
299-359
359-419
419-444
444-485
485-541

O ld er than 541

Photo 4:R usty-weathering sc hist and  d ark gray quartzite of unitSsrc
with late F 2 (possibly F 3?) open fold s and sync hronous centimeter-
sc ale c renulations. T his outc rop is not migmatized.Locke Mountain
development, Bethel.

Photo 5:Dark gray biotite granofels layers with greenish-pink c alc-
silic ate layers in unitSsrcg. A sample was c ollected  here for detrital
zirc on geoc hronology (Loc ation B). T his outc rop is not migmatized.
Locke Mountain development, Bethel, near Photo 4.

Photo 6:R are grad ed  bed d ing, showing tops toward  the bottom of the
photo in an interbed d ed  sequence of gray quartzite and  d arker gray
knobby sc hist (Ssqc).  T he grad ing is a reflection of d ec reasing grain
size toward  the top of the original sed imentary bed , although the
metamorphic minerals now at the top of the bed are larger than those at
the base.Northwest of Ellingwood Mountain, at the west edge of the
quadrangle.

Photo 7:A thin 1- to 2-meter-thick unit of purplish to greenish c alc-
silic ate granofels interlayered  with gray biotite-quartz-plagioclase
granofels (Ssqc).On the lower slopes of Barker Mountain, about 2000
feet south of Barkers Brook.

Photo 8: R ectangular pod  of well-bed d ed  greenish to pinkish c alc-
silic ate granofels with c oarse grains of d iopsid e and  grossular
embed d ed  within a rusty-weathering quartz-plagioc lase-sulfid e
granofels (Ssqc).  T his pod  may represent a relict sed imentary c last,
now metamorphosed.Locke Mountain, Sunday River ski area.

Photo 9:Close up of the c ore of an oval-shaped  c alc-silic ate pod , 20
cm in length, in a gray migmatite (Ssqc).  T he green diopsid e and  red
grossular grains are about 1 cm and  0.25 cm in diameter, respectively.
About 1000 feet southwest of the Sunday River, near the Bethel-Gilead
town line.

Photo 10: M atrix of rusty-weathering sc hist with a fold ed  pod  of
rusty-weathering c alc-silic ate granofels (Ssr).  T he pod  of c alc-silic ate
granofels has layers, 5 to 10 centimeters in thic kness, with coarse
grains of d iopsid e and grossular interbed d ed  with layers of rusty-
weathering quartz-biotite-plagioc lase granofels.Upper west slope of
Mount Will.

Figure  7:Cylind ric al best fit plot or π diagram of poles
to foliation from the S ongo pluton. S maller maroon d ots
are the poles (n = 39) and  the three larger d ots show the
eigenvectors for the c ylind ric al best fit. T he Eigenvector
labeled 3 rec ord s the trend  and  plunge of the c alc ulated
late fold axis whic h in this c ase is 009°, 27°.

Figure  6:Cylind ric al best fit plot or π diagram of poles
to foliation and  bed d ing from metased imentary rocks in
the F arwell M ountain region. S maller maroon d ots are
the poles (n = 47) and the three larger d ots show the
eigenvectors for the c ylind ric al best fit. T he Eigenvector
labeled 3 rec ord s the trend  and  plunge of the c alc ulated
late fold axis whic h in this c ase is 020°, 31°.

Figure  5:Cylind ric al best fit plot or π diagram of poles
to foliation and bed d ing from metased imentary rocks
west of the S ongo pluton. S maller maroon d ots are the
poles (n = 298) and  the three larger d ots show the
eigenvectors for the c ylind ric al best fit. T he Eigenvector
labeled 3 rec ord s the trend  and  plunge of the c alc ulated
late fold axis whic h in this c ase is 045°, 15°.

PLOTS OF STRUCTURAL DATA

___T he orientations of planar and  linear features of the bed roc k struc ture have been
measured at various loc ations in the field .  O riented symbols are plotted on the map
where eac h feature was measured .  In ord er to compare orientations of features from
various loc ations ac ross the map, their orientations c an be plotted together on a d iagram
designed for that purpose.  A stereogram is a circ ular plot on whic h three-dimensional
orientations of lines or planes c an be shown.  T he orientation of a linear feature is
represented by a point on the diagram and  the orientation of a planar feature by a straight
or c urved  line on the diagram.  T he strike or plunge azimuth c an be read from the outer
ed ge of the plot in relation to north, east, south, and  west (N , E, S , and  W ) as you would
read  a compass.  T he inclination from horizontal is related to d istance toward  the center
of the plot; points that plot at the edge of the circ le have zero plunge and  those at the
center plunge 90 degrees.  Planes represented by c urved  lines d ip in the direction of the
curve, the greater the curve the shallower the dip; planes represented by straight lines are
vertic al.  F or c onvenience, a plane may be represented by plotting its pole (a line
perpend icular to the plane), greatly simplifying the plot if there is a large number of
measurements.  T he mathematic al c onstruc tion shown in Figure s 5 - 7is termed  a
c ylind ric al best fit or π diagram and  assumes the fold s in the region are shaped  like a half
tube or half cylind er. T he Bingham axial d istribution is to d etermine the trend  and  plunge
of the fold  axes. T he routine works by c alc ulating the orientation tensor from the
direction c osines of the individ ual measurements and  then c alc ulating the eigenvalues
and  eigenvectors to get the principal axes of the tensor. T he first axis c orrespond s to the
greatest concentration of points, the second  to the intermed iate and  the third to the
smallest concentration; the third  axis is usually interpreted as the c ylind ric al fold  axis
(Allmendinger and  others, 2011; Card ozo and Allmend inger, 2013).

PLOTS OF GEOCHRONOLOGICAL DATA

Figure  2: Probability d ensity plot and  kernel density
estimate for the youngest d etrital zirc ons (n = 214) from
unitSsrcg.

Figure  1:Probability d ensity plot and histogram for all
detrital zirc ons (n = 281) from unitSsrcg.

Figure  3:Conc ord ia age diagram for a zirc on sample
(n=49) from the S ongo pluton (Ddg).

Figure  4:W eighed mean d iagram for a zirc on sample
(n=49) from the S ongo pluton (Ddg).

Silic ifie d  zone .R egion of nearly pure white quartz with oc c asional rusty-weathering areas and  numerous
white quartz veins cutting the quartz matrix that are sometimes vuggy with well formed  small (centimenter-
sized) quartz c rystals (Photos 1A, 1B). T he zone dips steeply to the northwest, based  on attitud e of quartz
veins, and  varies from 1 meter (m) to 20 m in wid th. T he outc rops of this unit weather positively as rid ges
and  often form lineaments seen on the lid ar hillshad e image. Interpreted to be a late brittle fault (probable
normal movement, north sid e d own?).

Js

Pe gm atite.Very c oarse to c oarse-grained white pegmatite. M inerals inc lud e quartz, feld spar, musc ovite, ±
biotite and  ± tourmaline. O bserved mineral grain size is typic ally less than 5 centimeters (cm) (2 inc hes [in])
in length and  wid th, with extreme c ases up to 30 cm (12 in) in length. Sizes of the distinc t mineral types
varied at eac h pegmatite outc rop. In most instances mappable pegmatite bod ies form tops of small hills in the
region resting above metased imentary roc ks. T here are also numerous pegmatite intrusions at the majority of
metased imentary migmatite outc rops that are too small to show on the map.

P p

Musc ovite-biotite granite and  pe gm atite, und iffe r e ntiate d . M ed ium-grained to fine-grained granite,
loc ally c ontaining garnet ± tourmaline.  Pegmatite of the same mineralogy oc c urs with the granite, in various
proportions.  T his granite and  pegmatite unit oc c urs in several mostly small, mappable plutons.  Dikes and
sills of the same granite and  pegmatite are also present throughout the migmatite regions.  T his granite may
be related to granites of the S ebago pluton in southern M aine. Asid e from the presence of pegmatites, similar
to CDgm but d ifferentiated in age by geoc hronology d one for Gilead  quad rangle in the vicinity of W heeler
M ine (Eusden and  others, 2018).

P Dgm

Biotite granofe ls.M ed ium-grained, granoblastic quartz-plagioclase-biotite granofels, with rare
c alc-silic ate granofels layers and minor gray sc hist.S sqcg

Biotite granofe ls.M ed ium-grained, granoblastic quartz-plagioclase-biotite granofels, with rare
c alc-silic ate granofels layers and  minor gray sc hist (Photo 5).S srcg

Gray sc hist.Gray mica sc hist with rare interbed d ed  thin (1-5 cm) quartzite and  regions of rusty-weathering
sc hist.  Calc-silic ate pod s rare or absent.Ssg is stratigraphic ally equivalent to Ssrc. (Possibly part of the
R angeley F ormation.)

S sg

Biotite granofe ls.M ed ium-grained, granoblastic quartz-plagioclase-biotite granofels, with rare
c alc-silic ate granofels layers and minor gray sc hist.S sqg

Inte rbe d d e d  gray sc hist and quartzite, und iffe r e ntiate d . H eterogeneous unit consisting of gray mic a
sc hist with thin (1-5 cm) quartzite interbed s. S ubord inate rusty-weathering sc hist, biotite granofels, and  c alc-
silic ate granofels. Calc-silic ate pod s are common to rare in the unit. (Possibly part of the R angeley
F ormation.)

S sq

Quartzite with gray sc hist, und iffe r e ntiate d .Light gray quartzite, in bed s of variable thic kness; well
bed d ed  and  poorly grad ed . Contains thin interbed s of gray sc hist, 1 to 5 cm in thic kness. S ome sections have
abund ant c alc-silic ate pod s, while in other sections they are rare or absent. (Possibly c orrelates with the Perry
M ountain F ormation.)

S qs

Mod e rate ly rusty weathe ring sc hist and quartzite with rare  se c tions of d e e ply rusty weathe ring sc hist
and quartzite.R ed -brown rusty-weathering, loc ally pyrrhotitic mica sc hist, interbed d ed  with gray quartzite.
Calc-silic ate pod s are rare or absent.  (Possibly correlates with the S malls F alls F ormation.)

S sqr

Mod e rate ly rusty weathe ring sc hist. R ed -brown mod erately rusty weathering mic a sc hist with rare
interbed d ed  quartzite, and  minor, disc ontinuous layers 1-3 meters thic k of quartz-plagioclase-biotite
granofels.  Calc-silic ate pod s are c ommon throughout the unit (Photo 10).  (Possibly part of the R angeley
F ormation.)

S sr

Biotite granofe ls.[S hown only in c ross section, not shown on the map.] T he following desc ription is from
Eusd en and  others (2018). Dark gray plagioclase-quartz-biotite granofels interlayered  with rare purplish-gray
to green calc-silic ate granofels and  gray sc hist.  Layers of gray mic a sc hist in places.  (Possibly correlates
with the M ad rid  F ormation.) T his unit is not exposed  at the surface in the Bethel quad rangle, but is inferred
to be present in the subsurface stratigraphic ally above the rusty-weathering sc hist and  quartzite unit (Ssqr;
possibly correlated  with the S malls F alls F ormation) based  on relationships observed to the west in the
ad jacent Gilead  quad rangle (Eusd en and  others, 2018).

S gf


